Adventitious rooting is a critical process in the vegetative propagation of ornamental plants. A well-rooted cutting is essential for optimal growth and high quality plants. We investigated the use of spectral light quality to improve adventitious rooting of cuttings in three ornamental species: Chrysanthemum × morifolium, Lavandula angustifolia and Rhododendron simsii hybrids (azalea). 
INTRODUCTION
Vegetative propagation of ornamentals by means of shoot tip cuttings is an efficient method for producing large numbers of plants. This propagation method requires the formation of adventitious roots, i.e., roots that initiate from non-root tissues such as stems. Auxin plays a pivotal role in adventitious root formation and the use of an exogenous auxin treatment for propagation by cuttings has become routine in practice to enhance rooting (Hartmann et al., 2002) . Endogenous auxins are mostly synthesised in the shoot apical meristem and young leaves and are transported basipetally down the plant stem. This polar transport is directed by auxin efflux carriers, such as PIN-FORMED (PIN) proteins and Pglycoproteins (PGP) of the ATP-Binding Cassette family B (ABCB) transporter family, at the base of the cell (Vanneste and Friml, 2009 ). This basipetal transport can lead to the accumulation of auxins at the base of a cutting and initiate adventitious root formation. Auxin transport inhibitors are frequently used to investigate this polar auxin transport. Two of the most frequently used are 2,3,5-triiodobenzoic acid (TIBA) and 1-Nnaphthylphthalamic acid (NPA). Whereas TIBA inhibits polar transport in part by competing with auxin at the efflux carrier site (Taiz and Zeiger, 2010) , NPA interferes with polar transport by affecting ABCB activity (Vanneste and Friml, 2009) .
Interactions between light and auxin signalling have been reported (Halliday et al., 2009) , but also links between light quality and auxin content have been described in literature. For instance, a low R:far-red (FR) ratio, due to shading, results in an increased biosynthesis of auxin. This shade-avoidance response requires a rapid biosynthesis of auxin and its transport to promote elongation growth (Halliday et al., 2009; Hornitschek et al., 2012) . The phototropic response to blue light has been shown to be triggered by PIN3 localisation. PIN3 is localised directly opposite to the unidirectional blue light, exporting auxin to the other side of the stem resulting in a bending towards the light (Ding et al., 2011) . Red light has been shown to affect both auxin biosynthesis and auxin transport (Liu et al., 2011) .
Even though there are interactions between light quality and auxin, the link between adventitious rooting and the effects of light quality on auxin signalling have not been established. In this paper, we try to show the possible effects light quality has on auxin transport related to adventitious rooting by using two auxin transport inhibitors (TIBA and NPA). By using a suitable spectral light quality, we might be able to influence auxin biosynthesis and/or auxin transport, and in this way increase adventitious rooting.
MATERIALS AND METHODS

Plant material and experimental set-up
Cuttings of Chrysanthemum × morifolium 'Orlando', Lavandula angustifolia 'Hidcote' and the Rhododendron simsii hybrid 'H. Vogel' were purchased from local nurseries. Cuttings of 4-cm (chrysanthemum and lavender) and 6-cm (azalea) were rooted in 73 cell-trays under plastic to maintain high humidity. The substrate consisted of river sand for chrysanthemum cuttings and builder's sand for azalea and lavender cuttings. Average air temperatures at plant level were 18.5±0.9°C for chrysanthemum, 18.5±0.6°C for lavender and 24.9±4.2°C for azalea. Four trays (replicates) for each species were placed under the different light quality treatments. One tray consisted of 20 cuttings for assessment of rooting quality after 2 (chrysanthemum, lavender) or 6 (azalea) weeks, 20 cuttings for assessment of rooting quality after 3 (chrysanthemum, lavender) or 8 (azalea) weeks, and 30 cuttings for application of auxin transport inhibitors (10 control, 10 TIBA and 10 NPA).
Cuttings were rooted under different combinations of red and blue LED light (Philips Green Power LED research modules): for chrysanthemum total light intensity was set to be 60 µmol m Tables 1 and 2 . The photochrome photoequilibrium (φ=P fr :P tot ) was estimated according to Sager et al. (1988) by multiplying the irradiance at each wavelength against the relative absorption for each form of phytochrome (Tables 1 and 2 ). 
Application of auxin transport inhibitors
TIBA and NPA were dissolved in DMSO and mixed with lanolin to yield a final concentration of 100 µM for chrysanthemum and 1,000 µM for azalea. A control lanolin mixture was made with an equivalent volume of solvent. These mixtures were thinned by warming to 40°C and applied as a narrow ring (0.2 cm) 1 (chrysanthemum) or 1.5 cm (azalea) above the base of the cutting to assess the effect of light quality on auxin transport.
Measurements
After 2 and 3 weeks for chrysanthemum and lavender and after 6 and 8 weeks for azalea, rooting quality was assessed for 20 cuttings in four replicates for each of the light quality treatments. The percentage of rooted cuttings was recorded, the number of roots per cutting, and the root dry weight was determined after 48 h at 60°C.
For chrysanthemum and azalea cuttings treated with the auxin transport inhibitors, the percentage of rooted cuttings was recorded for 10 cuttings in four replicates for each of the light quality treatments. The percentage decrease in rooting percentage of the TIBA and NPA treated cuttings compared to the control cuttings was calculated. 6e-6 100% R 90% R 10% B 50% R 50% B 10% R 90% B 100% B
Statistical analysis
Data are reported as means of four replicates, each representing the mean of 20 or 10 (auxin transport inhibitor treatment) cuttings. Results were analysed using SPSS statistical software Version 22.0 (SPSS Inc., Chicago, USA). Analyses were carried out by ANOVA and means were separated with Tukey's HSD test (p=0.05). Rooting percentage was transformed to arcsine degree values before the ANOVA.
RESULTS AND DISCUSSION
Adventitious rooting affected by red and blue light
The rooting percentage of chrysanthemum cuttings after 3 weeks was not significantly different for the different light treatments. However, the initiation occurred more rapidly under 100 R, 50:50 R:B and 100 B, as seen by the higher rooting percentage after 2 weeks (Table 3 ). The root mass produced after 3 weeks was significantly higher under 100 R and 100 B as the root dry weight was 21 and 19 mg, respectively. The number of roots per cuttings was highest for 100 B with an average of 7.9 roots cutting -1 , compared to the other light treatments where the overall average was 4.8 roots cutting -1 . Table 3 . Average root formation after 2 and 3 weeks; number of roots cutting -1 and dry weight of roots cutting -1 after 3 weeks of rooting for chrysanthemum. For lavender, no significant differences were found between the light treatments for rooting percentage (Table 4) . After 2 weeks an average rooting percentage of 65% was recorded, which increased to 83% after 3 weeks. The root dry weight of rooted cuttings after 3 weeks of rooting did significantly differ among the light treatments. The highest dry weight was found for 100 R, 10:90 R:B and 100 B (average of 5.3 mg), while the lowest dry weight was under 50:50 R:B (2.9 mg). The different light spectra had no significant effect on the number of roots formed per cutting after 3 weeks. In contrast to chrysanthemum and lavender, azalea showed no significant differences in rooting percentage or root dry weight for the different light spectra (Table 5) . Table 5 . Average root formation after 6 and 8 weeks; dry weight of roots cutting -1 after 8 weeks of rooting for azalea. Previous studies have reported varying effects of adventitious rooting under different red and blue light combinations. In Jatropha, no rooting was observed under 50:50 R:B, while 100 R improved root formation (Daud et al., 2013) . Also in our case, 100 R was beneficial, and 50:50 R:B resulted in less formation of adventitious roots. In cherry, on the other hand, the highest number of roots per microcutting was recorded under 50:50 R:B. Subsequently, red light was more effective on root elongation than blue light (Iacona and Muleo, 2010) . In our case monochromatic blue light results were as good as with monochromatic red light. When LED light (R or/and B) is given as a supplemental light source combined with day light, no significant differences between 100 R 85:15 R:B and 70:30 R:B were observed for Impatiens, Pelargonium and Petunia (Currey and Lopez, 2013) . Also light intensities might play a role. As we have seen for azalea, the low light intensities (30 µmol m -2 s -1 ) resulted in no differences in adventitious rooting between any of the objects, while at higher light intensities (60 µmol m -2 s -1 ), red or blue light improved rooting for both chrysanthemum and lavender. Liu et al. (2011) showed that the amount of light can play a role in auxin transport; above a light threshold, auxin transport and biosynthesis can be stimulated. This threshold, however, can be different for different plants.
Light quality
Root formation after 2 weeks (%)
Root formation after 3 weeks (%)
Light quality
Root
Effect of auxin transport inhibitors on adventitious rooting
Using TIBA or NPA decreased the formation of adventitious rooting (Table 6) as polar auxin transport is important for adventitious rooting (Ford et al., 2002) . For chrysanthemum, TIBA only decreased the percentage of rooting by 7.5% under red light and even a small increase of 2.7% was seen under blue light. NPA decreased the percentage of rooting by 5 and 6% under red and blue light, respectively. These monochromatic lights also resulted in the highest amount of root dry weight which suggests that either biosynthesis of auxin and/or transport of auxin was stimulated enough to be hardly hampered by the auxin transport inhibitors. From 90:10 R:B to 10:90 R:B the decrease in rooting percentage increased both for TIBA and NPA, which correlated in this case with decreasing root dry weights. For azalea on the other hand, results were less clear. The highest decrease in rooting percentage was found under 50:50 R:B. This suggested that dichromatic light did not benefit adventitious rooting; however, this was not directly seen in the results of root dry weight under these conditions.
CONCLUSIONS
Monochromatic red or blue light at 60 µmol m -2 s -1 stimulates adventitious rooting in chrysanthemum and lavender. Dichromatic light (red + blue) on the other hand, seems to have no beneficial effect on adventitious rooting. Light quality at 30 µmol m -2 s -1 did not result in differences in adventitious rooting in azalea. The experiment with auxin transport inhibitors showed that there were differences in polar auxin transport among the different light qualities, with cuttings under monochromatic light being the least sensitive to the application of TIBA or NPA. In the case of chrysanthemum, this monochromatic light led to a significant higher amount of root dry weight after 3 weeks of rooting.
